Introduction
Occupying 13% of the global coastline, lagoons, being common elements of coastal zones of oceans and seas worldwide, are of vital importance to global biological productivity and element cycling (Kjerfve, 1994) . They are the crossroads of terrestrial and marine trophic chains. Unicellular organisms of different trophic levels play an important role in this system of relationships (Anderson et al., 1979; Lam-Hoai et al., 1997; Ramdani et al., 2009) . Despite their obvious importance, our knowledge about the eukaryotic unicellular heterotrophic diversity of lagoons is still limited and poorly documented.
In the Mediterranean Sea, there are more than 100 lagoons with different salinity regimes (Pérez-Ruzafa et al., 2011) , but few studies have been devoted to heterotrophic protists in them (Lam-Hoai et al., 1997; Collos et al., 2005; Sakka Hlaili et al., 2007; Ramdani et al., 2009 ). The majority of lagoons are of brackish or marine salinity and only a small portion of them are hypersaline. One of them, Lagoon Bardawil, of tectonic origin, is located in the middle of the Mediterranean coast of Sinai (Abd Ellah and Hussein, 2009 ). Other Mediterranean Egyptian lagoons (Idku, Burullus, and Manzala) are deltaic in origin and have marine or brackish salinity (El-Bana et al., 2002) . Lagoon Bardawil is fed mostly by seawater (Embabi and Moawad, 2014) ; its water level and some other characteristics depend on its relationship with the Mediterranean Sea. Species that dwell in the lagoon mostly enter it from the Mediterranean Sea or from the Red Sea through the closely situated Suez Canal (45 km away) (Zakaria, 2015) . Changes in wind and wave regimes have substantial effects on the lagoon, especially near and between the three narrow channels connecting the lagoon with the sea on the north side of the lagoon ("Boughazes"). The tidal effect, wind direction, and speed are among the main causes driving variability of abiotic environmental factors and biotic composition in the lagoon (Touliabah et al., 2002; Mageed, 2006) . The Bardawil Lagoon is highly productive; its brine is often oversaturated by oxygen due to high photosynthetic activity of phytoplankton, bottom macro-and microalgae that dwell in the lagoon (Krumgalz et al., 1980; Touliabah et al., 2002; El-Shabrawy, 2006) . The lagoon may be a good model system to evaluate spatial and temporal variability of protist diversity and abundance, and the influence of different factors on this. Several previous studies of heterotrophic protists (tintinnids and foraminifera) in the lagoon were carried out (Fouda et al., 1985; ElShabrawy, 2006; Mageed, 2006; El-Shabrawy and Gohar, 2008) . They identified species composition and assessed abundance, spatial and seasonal variability, and influence of salinity on these groups. Continuing those studies, the present authors studied the composition, distribution, and seasonal dynamics of two groups of protists in the lagoon in 2009 and 2010; the results are presented in this paper. Is there a long-term trend of changes in large conspicuous protist composition and abundance in the lagoon? To look for an answer to this question the authors discuss new data in comparison with published data.
Material and methods

Study area
Lagoon Bardawil lies between 32°40′E and 33°30′E and between 31°03′N to 31°14′N (Krumgalz et al., 1980; ElBana et al., 2002; Touliabah et al., 2002; Abd Ellah and Hussein, 2009) (Figure 1 ). The lagoon's length from east to west is about 90 km, with an average width of 10 km and a maximal width of about 22 km at Mitizfaq or Nahal Yam. The lagoon has a surface area of about 600 km 2 when all its various branches are filled with water. The water-covered area varies during the year with separate ponds and lakes created during the hot summer months. There is a high fluctuation in the salinity range; the lowest value is 38 ppt and the highest is more than 70 ppt. The shallow lagoon has a maximum depth of 6.5 m found in the western arm, a minimum depth of 0.3 m, and an average depth of 1.21 m. It is separated from the Mediterranean Sea by a curving sand barrier with a width between 300 and 2000 m, with only one natural opening at the far eastern end. Since 1927, two artificial openings, Boughazes I and II, have been established to decrease the salinity through exchange of water with the sea (Figure 1 ). This allowed the immigration of commercial fishes (Ben-Tuvia and Herman, 1972) . The main openings were blocked from 1969 to the 1970s as a result of war. The removal of accumulated sand and the deepening of the artificial openings was performed during 1987 and repeated during 1997. The climate of the region is arid, with low precipitation restricted to winter when wind-driven incursion of seawater from the Mediterranean Sea occurs, and with high evaporation during summer. There are two climate periods: a rainy season (November to April) and a dry season (May to October). The dry months are characterized by high air temperatures, scarce rainfall, and a high rate of evaporation. The rainy season is accompanied by strong winds, precipitation, and low air temperatures. On average, the precipitation fluctuates between 72 mm (December) and 246 mm (July). Winds may come from all directions, but the prevailing wind direction is from the north at most times. Lagoon Bardawil is the least polluted lagoon in Egypt (ElKassas et al., 2016) . It is an important fishing area for different marine fish and crustacean species of high economic value and one of the most important wetland sites in Egypt with a large number of migratory birds passing through this area; the most extreme eastern part of it (Lagoon Zaranik) is the second oldest protected area in Egypt, established by the Egyptian Government in 1983, and a Ramsar site since 1988 (El-Shabrawy and Gohar, 2008; El-Kassas et al., 2016) . diameter with a 55-µm mesh size. Samples were preserved immediately with a 4% buffered formalin solution. The samples were processed using an Olympus SZ-PT stereo microscope and a Carl Zeiss Axio Scope A1 microscope. Species identifications were made using articles and keys for identification (Jörgensen, 1924; Campbell, 1929, 1939; Balech, 1959; Hemleben et al., 1989; Olsson et al., 1992; Abboud-Abi Saab, 2008; Al-Yamani et al., 2011; Abou Zaid and Hellal, 2012; Conway, 2012) . Species names are given in accordance with the World Register of Marine Species database (http://www.marinespecies.org/ index.php) and tintinnids classification in accordance with Santoferrara et al. (2017) .
Sampling and processing
Water samples were taken with a 1-L bathometer. Water temperature (°C) and pH were measured in situ using a Hydrolab (Multi Set 430i WTW). Turbidity was measured using a white/black Secchi disk (0.3 m in diameter). Salinity (ppt) was determined as total dissolved solids by filtrating a sample with a glass microfiber filter (GF/C) and a known volume of filtrate was evaporated at 180 °C. Dissolved oxygen (mg/L) was quantified using the modified Winkler method.
Statistical analysis
Data were subjected to standard statistical processing (Sokal and Rohlf, 1995) . Variability of parameters was assessed by the coefficient of variability (CV). Pair coefficients of correlations (R) were calculated in MS Excel. Significance of differences in average values was evaluated by Student t-test and the confidence level of correlation coefficients (P) was determined by comparison with parameter critical values (Müller et al., 1979) . To quantify a character of spatial heterogeneity, the authors calculated the spatial CVs as standard deviation/mean abundance; if CV > 1 it means that spatial distribution is aggregated (Romanovsky, 1979) . To compare species composition, we used the similarity index of Czekanowski-Sørensen (Pesenko, 1982) :
where Ks is the Czekanowski-Sørensen (or Sørensen-Dice) index, c is the number of common species for both samples, a is the number of species in sample 1, and b is the number of species in sample 2. Parameters of regression equations (accumulation curves) were calculated in MS Excel. Random permutations of data were made online (http://www.webcalculator. co.uk/statistics/rpermute3.htm) to generate different ordering of used samples.
Results
Variability of abiotic parameters in Bardawil Lagoon during 2009 and 2010 is given in Table 2 . All studied parameters fluctuated in ranges that were similar to observed values in other years (Fouda et al., 1985; ElShabrawy, 2006; Mageed, 2006; El-Shabrawy and Gohar, 2008) . Large conspicuous protists in plankton were noted in all seasons. Fifteen species of Ciliophora (suborder Tintinnina) were identified, plus one species that remained unidentified, and 2 species of Foraminifera were also identified (Table 3) . At the same time, the occurrence of different species varied greatly in the study period: only two species (Schmidingerella serrata (Möbius, 1887) Agatha & Strüder-Kypke, 2012 and Globigerina bulloides d'Orbigny, 1826) were found in 42% to 49% of all samples, two species (Codonella aspera Kofoid & Campbell, 1929 and Tintinnopsis cylindrica Daday, 1887) in 21% to 23% of samples, 4 species in 10 to 20% of samples, and 10 species in 1% to 5% of samples. Only three species were found in the plankton throughout the entire year (C. aspera, S. serrata, G. bulloides), and three species were found only in one season at a single station (Metacylis mereschkowskii Kofoid & Campbell, 1929 ; Rhabdonella elegans Jörgensen, 1924 ; T. tocantinensis Kofoid & Campbell, 1929) . The smallest number of species in samples (four) was found in the spring, while 10 or 11 species were found in samples taken in the other seasons. Pairwise comparison of the species lists in different seasons showed that the species composition was the same; calculated CzekanowskiSørensen indices of species similarity ranged from 0.60 to 0.86 throughout the year in the lagoon. The number of species in the samples taken at the same time varied widely at different stations. It is interesting to note that in the summer there were only species of Tintinnina at some stations, while at other stations, only Foraminifera. As seen in Table 3 , when salinity was up to 40 ppt, 16 Table 4 ). The distribution of the total abundance of tintinnids and foraminifers in the lagoon area was not uniform; according to calculated values of CVs in the summer and spring it was close to random, while during autumn and winter it was aggregated (Table  4 ). The maximum total abundance in all seasons was at station 10 and some other stations, which was different in different seasons. Maximum abundance was recorded for Helicostomella subulata (Ehrenberg, 1833) Jörgensen, 1924 (up in the lagoon was aggregated and the degree of aggregation varied between species. The contribution of the dominant species in the total abundance at stations where there were three or more species did not exceed 40% in summer, 59% in autumn, 67% in winter and 32% in spring.
A significant positive correlation between the total abundance of tintinnids and the number of species was found in each of the seasons; this most strongly manifested itself in winter (R = 0.948, P = 0.0001) (Figure 2) . The whole set of samples collected during different seasons also revealed significant positive correlation between the total abundance of tintinnids and the number of species (R = 0.799, P = 0.0001). From this we can conclude that the number of species determined up to 64% of variability of the total tintinnid abundance in the lagoon. Significant correlation between salinity and oxygen concentration and the number of tintinnid species was not found. Using data from Tables 2 and 5, significant negative correlation was found between temperature and number of species (R = -0.603, P = 0.0001); the relation can be approximated by the following equation:
where D is number of species and T is temperature (°С). Protozoa abundance for the entire set of samples had significant negative correlation with salinity (R = -0.572, P = 0.001), as follows:
where N p is total abundance (ind./m 3 ) and S is salinity (ppt).
The share of Tintinnina in the total abundance of tintinnids and foraminifers was significantly negatively associated with salinity in winter (R = -0.538, P = 0.03) and autumn (R = -0.497, P = 0.05). Abundance was affected nonlinearly by temperature with abundance peaking at a temperature of 19 to 22 °C. The total abundance of Tintinnina did not significantly correlate with oxygen concentration. The correlation of abundance and pH was not linear; the maximum abundance was observed at pH 8.2-8.4. In winter, when the spatial fluctuation in pH was from 7.95 to 8.50, there was a significant positive correlation between tintinnid abundance and pH (R = 0.625, P = 0.006), while in the other seasons these two parameters did not correlate with each other. Copepod abundance (to be analyzed in a future paper of the authors) was significantly negatively correlated with tintinnid abundance (R = -0.432, P = 0.001); it may be approximated as follows:
where N c is copepod abundance (ind./m 3 ).
Discussion
Species composition
Total species noted in the lagoon for all study periods over time included 29 species of Tintinnina (Ciliophora) and three species of Foraminifera (Table 5) . Not all species of these taxa previously found in Lagoon Bardawil were recorded in our study, so the question is to what degree the species richness in the lagoon has been explored. There is a well-established correlation between the number of samples analyzed and the number of found species (Pesenko, 1982; Anufriieva et al., 2014) , including for Tintinnina species (Cariou et al., 1999; Sitran et al., 2007) . Power and logarithmic functions are used most often to describe the relationship between sampling effort (the number of samples) and the observed species richness. Relying upon data from the present study (Figure 3a) , we found that the species accumulation curve for the whole dataset may be approximated as follows (R = 0.958, P = 0.001):
where Y 1 is the number of observed Tintinnina species in the lagoon and Ln (X) is the logarithm of the number of analyzed samples. Similar equations were calculated for every season separately. Eq. (5) corresponds to one of the many possible orderings of our 47 samples. We analyzed 10 more accumulation curves with 10 different orderings of these samples. The species richness for 1000 samples, applying different orderings of the samples, was estimated as 34-42 species of Tintinnina for all seasons in Lagoon Bardawil.
The aim of this paper does not include an overview of species diversity in the Mediterranean tintinnids, and the following calculation is based on an undervalued number of the detected species. It is necessary only for comparative purposes. To date, in the Mediterranean Sea, over 114 tintinnid species have been observed as a result of the analysis of about 700 samples (Cariou et al., 1999; Dolan, 2000; Pitta and Giannakourou, 2000; Modigh and Castaldo, 2002; Sitran et al., 2007; Balkıs and Toklu-Alıçlı, 2009; Dolan et al., 2009; Moscatello et al., 2011; Bojanic et al., 2012; Balkis and Koray, 2014) ; comparing the lists of species found in the Mediterranean Sea and in Table  5 , the authors may conclude that in the lagoon there are 
where Y 2 is the number of observed Tintinnina species in the Mediterranean Sea and Ln (X) is the logarithm of the number of analyzed samples. From Eq. (6) and others, designed with a different ordering of samples, it follows that 123 to 132 tintinnid species may be found in the Mediterranean Sea after analyzing 1000 samples. Thus, the large tintinnid species richness in the lagoon is 26% to 34% of total tintinnid species richness in the sea. High salinity may limit the number of species that can dwell in the lagoon.
All foraminifera species found in the lagoon are species quite widespread in different oceans; predators G. bulloides and Orbulina universa d'Orbigny, 1839 with symbiotic dinoflagellates are common in the Mediterranean Sea (Pujol and Grazzini, 1995; Mallo et al., 2017) . Hastigerinella digitata (Rhumbler, 1911) was probably incorrectly identified in the lagoon (Fouda et al., 1985) because it is a rare deep-dwelling form usually occurring at depths greater than 100 m (Hull et al., 2011; Weiner et al., 2012) . The authors think that it was Hastigerina pelagica (d'Orbigny, 1839), a common predatory species in the sea (Pujol and Grazzini, 1995; Mallo et al., 2017) .
Abundance and ecological role
Total tintinnid abundance in the lagoon was in the range of concentrations noted previously in the coastal zone and lagoons of the Mediterranean Sea (Ceccherelli and Ferrari, 1982; Lam-Hoai et al., 1997; Cariou et al., 1999; Dolan, 2000; Modigh and Castaldo, 2002; Sakka Hlaili et al., 2007; Sitran et al., 2007; Dolan et al., 2009; Bojanic et al., 2012) .Therefore, we can assume that they consume about the same portion of primary production (60%-70%) as in other Mediterranean lagoons where, unlike the sea, their role is higher than that of heterotrophic dinoflagellates (Ceccherelli and Ferrari, 1982; Lam-Hoai et al., 1997; Sakka Hlaili et al., 2007) .
The negative impact of salinity greater than 40 ppt on species diversity and abundance of tintinnids probably can be considered as a general pattern. The tintinnid species composition and abundance were studied in the solar salterns of the Yellow Sea and it was shown that only one species was found at salinity of 70 ppt and two species at 50 ppt, with a sharp decrease of maximum abundance in a salinity range from 30 to 70 ppt (Lei et al., 2009) . Positive correlation between tintinnid abundance and pH in winter may be logically explained as follows. During photosynthesis, there is alkalization of water; therefore, higher total photosynthesis (primary production) would lead to a pH increase. Tintinnids mostly consume microalgae, and primary production of algae can limit the abundance of tintinnids. The lowest pH values were seen in winter, and thus it is more likely that the level of primary productivity may be a limiting factor for tintinnids in winter. Negative correlation of tintinnid abundance with the total copepod number may be explained by the fact that copepods living in the lagoon intensively consume tintinnids (Stoecker and Sanders, 1985; Dolan, 1991) .
The maximum Foraminifera abundance (G. bulloides) reached 3000 ind./m 3 at single stations and as an average in the lagoon up to 100 ind./m 3 . These values are significantly higher than the abundance noted in the Mediterranean Sea, where the maximum reached up to 5 ind./m 3 while the average fluctuated between 0.15 and 2.0 ind./m 3 (Cifelli, 1974; Pujol and Grazzini, 1995; Mallo et al., 2017) . High Foraminifera abundance in plankton of a hypersaline lagoon in Crimea (Black Sea) was noted earlier, from 194 to 36,372 ind./m 3 (Zagorodnyaya et al., 2008) . It is currently believed that the main factor determining abundance of foraminifera in plankton is food concentration (Cifelli, 1974; Pujol and Grazzini, 1995; Mallo et al., 2017) . All three species of foraminifera found in Lagoon Bardawil actively consume small animals, including copepods, along with algae (Anderson et al., 1979) . Planktonic foraminifera have a calcium carbonate shell (>1-2 mm diam.), which is surrounded by a dense halo of rhizopodia that increase the cell diameter to 20 mm. The sticky rhizopodia snare food organisms, entangle the prey, and draw it into a dense layer of cytoplasm near the shell where digestion occurs. High foraminiferal abundance in the lagoon likely can be explained by high copepod density (from 17,000 to 120,000 ind./m 3 ; our data) as well as other preys (rotifers, tintinnids, etc.). All three foraminifera species are also hosts for symbiotic flagellates that supply their hosts with more food (Pujol and Grazzini, 1995; Mallo et al., 2017) ; the authors may assume that this may make a significant contribution to primary production of the oligotrophic lagoon. Currently, there are no data to support that idea and this question requires special study.
Long-term changes
There were 5 periods of tintinnid and foraminifera study in Lagoon Bardawil from 1985 to 2010 (Fouda et al., 1985; El-Shabrawy, 2006; Mageed, 2006; El-Shabrawy and Gohar, 2008 ; present study); results of them are summarized in Table 5 . Only 6 species (19% of total number of recorded species) were found in all 5 periods:
H. subulata; S. serrata; Stenosemella nivalis (Meunier, 1910) ; T. beroidea; T. campanula Ehrenberg, 1840; and T. cylindrica. There is a weak trend of species richness decrease from 22 species in 1985 to 21 species in 2002-2003 and 17 species in 2005 and 2009-2010 . The authors cannot argue that this trend is significant. The threshold for the withdrawal of the similarity of species composition is 0.59 (Czekanowski-Sørensen coefficient) (Semkin, 2009) . Calculated Czekanowski-Sørensen indices between different years ranged between 0.55 and 0.82. The value of the Czekanowski-Sørensen coefficient for 1985 and 2009 to 2010 was 0.65; 2004 had least species composition similarity (Czekanowski-Sørensen indices) compared to other years at 0.55-0.59. We conclude that it is likely that there are no significant changes in species composition and interannual differences were due to stochastic causes and nondirected climate fluctuations. The character of seasonal changes of total protist abundance was close in all studied years; highest abundance was during winter. Salpingella glockentoegeri (Brandt, 1906) Kofoid & Campbell, 1929 was found only in 2004, and it was dominant that year. In all other periods of study, S. serrata and Tintinnopsis spp. dominated. Salinity changes in an observed range scarcely have been a direct cause of spatial and temporal variability of tintinnid taxocene structure as was shown for plankton spatial and long-term variability in the Qarun saline lake in Egypt (El-Shabrawy et al., 2015) . Long-term changes in wind regime (direction and intensity) often lead to variability of water exchange between a lagoon and a sea, causing sharp shifts in plankton structure (Shadrin and Anufriieva, 2013) . Variability in immigration of marine species from the sea into the lagoon may be a main cause of changes of microzooplankton structure in Lagoon Bardawil. More concentrated study and analysis are needed to draw some conclusions about the character of long-term fluctuations or directed changes in plankton structure in the lagoon.
